Object. Case reports suggest that young age is a critical factor in determining recurrence of brain arteriovenous malformations (AVMs) after surgery. However, other factors that may contribute to the increased risk of recurrence have not been considered. In this study, the authors' goal was to ascertain the risk and risk factors of recurrence after resection of AVMs of the brain.
A rteriovenous malformations of the brain are often diagnosed before the age of 50 years with 50% of patients remaining alive 30 years from the time of diagnosis. 26 Deciding the management path for patients with brain AVMs is complex. This is because of the paucity of good quality evidence due to a disease state that is rare (diagnosed annually in less than 1.5 in 100,000), 1, 4, 13, 37 a large number of variables that impact upon the natural history, 5, 6, 8, 9, 14, 17, 33, 36, 38 and the multitude of treatment methods available (conservative, microsurgery, endovascular embolization, radiosurgery, or a combination of these), each of which has a number of variables that impact the likelihood of treatment success. 9 Of considerable importance in evaluating management options is the robustness of treatment. Although surgery is considered to be the most robust method of repair (in comparison with endovascular or radiosurgery), recurrence over time after an initial negative postoperative angiogram, particularly in children, has been reported. 2, 3, 5, 7, 9, 11, 12, 15, 16, [18] [19] [20] [21] 24, 25, 27, [30] [31] [32] 35, [39] [40] [41] Case reports of recurrent brain AVMs after apparent curative surgery suggest that older patients are unlikely to develop recurrence. However, recurrences are not confined to pediatric cases. Furthermore, case reports frequently provided data that allowed assessment of venous anatomy, and it is noteworthy that many reported cases of recurrence had deep venous drainage. However, given that these cases with deep venous drainage are isolated case reports, it is difficult to know whether deep venous Influence of the combination of patient age and deep venous drainage on brain arteriovenous malformation recurrence after surgery drainage is of importance in the development of recurrence. We undertook this research to ascertain the relationship of patient age and deep venous drainage in a case series to the risk of recurrence in AVMs considered to have been cured at the time of the initial postoperative angiogram.
Methods

Literature Review
A MEDLINE search was conducted to identify studies reporting outcomes of brain AVM surgery. Search criteria included studies reporting brain AVM recurrence, rebleed, or rehemorrhage after microsurgery. Results were narrowed to studies in which the initial postoperative angiogram demonstrated complete AVM removal. Studies reporting outcomes of brain AVM embolization, radiosurgery, or endovascular treatment in the absence of surgery were excluded. A parallel search was run in the Scopus database, where journal coverage is slightly different. The abstracts of all papers meeting the aforementioned criteria were reviewed, and the full text of relevant papers (written in English) was evaluated for inclusion in this report. Bibliographies and cited references of key studies were also retrieved, and relevant full texts were examined for possible inclusion.
Patient Population
This study was approved by the Macquarie University Human Ethics Committee and was performed in accordance with institutional ethics committee guidelines. Since 1989, the senior author (M.K.M.) has prospectively collected data on all consecutively enrolled AVMs in a specifically designed AVM database, including demographic, clinical, radiological, and treatment-related information. The cases and data were collected between 1989 and 2012.
The decision to offer surgery was based on treatment recommendations previously published by the senior author (M.K.M.). 28, 29 All surviving patients underwent DSA in the first 7 days following surgery. A cure was considered to have been attained in patients whose initial postoperative angiogram confirmed the elimination of arteriovenous shunting. These patients were included if they had undergone follow-up for at least 350 days and had undergone contrast-administered CT scanning of the brain, MRI of the brain, or DSA at or beyond 350 days after surgery. Patients were excluded when there was no appropriate radiological follow-up at or beyond the 350-day period after surgery. Appropriate radiological followup was considered to be contrast-administered CT scanning, MRI, or DSA of the brain. Contrast-administered CT scanning was performed instead of MRI in cases in which access to MRI was difficult, the patient was reported to be prone to claustrophobia, or aneurysm clips were not known to be MRI compatible (AVM cases performed prior to 1993). Each suspected recurrence on MRI or CT scanning was subsequently confirmed by DSA.
Recurrence was considered to be a new hemorrhage that could be reasonably attributed to the site of the previous brain AVM (and subsequently confirmed by DSA) or radiological evidence of a brain AVM. In 1 patient experiencing 2 recurrent hemorrhages with intervening "curative" surgery, for the purpose of the analysis, the second surgery was not included in the analysis. No episode of delayed hemorrhage beyond the initial postoperative period was excluded. No hemorrhage consistent with recurrence occurred within the initial 350 days after surgery.
The following variables were compared when appropriate to understand possible confounding influences on our results: the number of days between surgery and the last radiological test confirming the absence of recurrence or detection of recurrence, maximum nidus diameter, the number of cases in which the brain AVM was found in an eloquent location, the number of AVMs with Spetzler-Martin grades greater than II, age, presentation with hemorrhage within the month prior to surgery, and the number of cases with the presence of deep venous drainage.
Statistical Analysis
Kaplan-Meier curves were generated for brain AVMs that underwent follow-up for 350 days or more and compared the following variables: 1) patient age (< 20 years, 20-39 years, and ≥ 40 years); 2) AVMs with and without deep venous drainage; and 3) each of the 6 combinations of these age and venous drainage variables. The log-rank (Mantel-Cox) test was used to test the difference between the curves. Cox regression was used to calculate the hazard ratio for deep venous drainage adjusted for age (as a continuous covariate) and the 95% confidence interval. Analyses were carried out in Prism 5 for Mac OS X (GraphPad Software, Inc.) and the statistical software R version 2.14.1 (R Development Core Team).
Comparisons unrelated to the Kaplan-Meier curves and Cox regression used the Fisher exact test to derive a 2-sided p value using the method to sum small p or the 2-tailed Student unpaired t-test. Statistical significance was determined at p < 0.05.
Results
Literature Review of Brain AVM Recurrences
A total of 23 studies reporting 44 brain AVM recurrences were included in this literature review. 2,3,5,7,10-12, 15,16,18-21,24,25,27,30-32,35,41 Thirty-four patients were younger than 20 years, and 9 were older than 20 years (the age of 1 patient was unknown) ( Table 1 ). The oldest patient reported in the literature to date was 35 years. 30 Of the 44 AVMs, it was possible to determine the pattern of venous drainage in 17. Deep venous drainage was detected in 12 cases and was not detected in 6 cases.
Clinical Case Series
The decision to offer surgery was based on treatment recommendations previously published by the senior author (M.K.M.). 28, 29 Data were collected on 600 consecutive surgical cases with an initial postoperative angiogram confirming the elimination of arteriovenous shunting. Neurological outcome for most of these cases has been previously reported by the senior author. 9 The analysis was performed in 427 cases followed for a minimum of 350 days. The reasons for the failure to analyze 173 cases include death or poor neurological grade (10 cases with a modified Rankin Scale score > 2), surgery performed less than 12 months previously (26 cases), or patient's choice to be followed by another neurosurgeon or neurologist (136 cases).
Eight patients had 9 recurrent brain AVMs. In the analyses, only the first recurrence was analyzed, giving 8 recurrences. The distribution of recurrences within the series was not clustered in any time period of the surgical experience. Recurrences were detected in 6 asymptomatic patients after routine MRI (followed by DSA) examinations. In 2 cases recurrence was detected after hemorrhage (on 3 occasions) ( Table 2 ). The oldest patient who experienced a recurrence was 42 years of age at the time of the initial surgery, and 6 of the recurrences were in patients with deep venous drainage at the time of the original surgery. Therefore, there have been no reports of recurrence of brain AVMs in the literature or in our series in patients who were 43 years or older at the time of initial surgery for brain AVM removal.
The overall results from treating the 9 recurrences in 8 patients by surgery were death in 1 case (a SpetzlerMartin Grade III AVM in the midbrain), a worsening of hemitremor in 1 case (a Spetzler-Martin Grade IV AVM in the midbrain and thalamus), and unchanged from initial clinical state in 6 cases.
The difference in the number of recurrences detected between patients with deep venous drainage and those without was significant (p = 0.0174) ( Table 3 ). For the purpose of identifying differences between those with deep venous drainage and those without, the following comparisons were made: length of follow-up (between surgery and radiologically confirmed recurrence or nonrecurrence), mean maximum diameter of the nidus, presence of deep venous drainage, location in eloquent brain (as defined by the Spetzler-Martin classification), and Spetzler-Martin grade higher than II (Table 3 ). The mean maximum diameter (0.4 mm greater for those with deep venous drainage) and Spetzler-Martin grades greater than II were significantly different (p = 0.027 and p = 0.0001, respectively). No other variable was significantly different. Considering presentation with and without hemorrhage and the detection of recurrence, there was no significant difference (p = 0.107, log-rank test).
Kaplan-Meier survival curves for recurrences are illustrated in Figs. 1 and 2 . The recurrence curves by age group were significantly different (p = 0.011, log-rank test), as were the curves by venous drainage (p = 0.0174, log-rank test) (Fig. 1) . The Kaplan-Meier curves for the 6 age group/deep venous drainage combinations are given in Fig. 2 . These curves are significantly different (p < 0.0001, log-rank test). Most of the difference can be seen to be due to the younger patients with deep venous drainage, who have a far greater recurrence rate. The age at the time of the initial surgery of patients who experienced recurrences were 7 and 42 years in patients without deep venous drainage; and 5, 12, 17, 17, 26, and 28 years in those with deep venous drainage. This trend is confirmed by the 10-year recurrence rates by age group and deep venous drainage, which are shown in Table 4 . The recurrence rate in the first 10 years after resection in patients with deep venous drainage who are younger than 20 years at the initial surgery is 63%. This is substantially greater than the recurrence rates of the other age group/deep venous drainage combinations ( Fig. 2 and Table 4) .
Analysis of the number of recurrences yields the same trend (Table 3 ). The highest percentage of recurrences was observed in the group of patients younger than 20 years with deep venous drainage; 4 patients (17%) with deep venous drainage were noted to have a recurrence compared with 1 patient (2%) without deep venous drainage. This difference is significantly different (p = 0.013).
In a Cox regression, the hazard ratio for deep venous drainage was 5.97 (p = 0.029). This was adjusted for age, which had a hazard ratio of 0.89 (p = 0.005) ( Table 3 ). An interaction term for age and deep venous drainage was found to be nonsignificant (p = 0.280). These results confirm that younger age and the presence of deep venous drainage are associated with higher recurrence rates.
Discussion
This is the largest reported surgical series with both radiological and clinical follow-up. Our results suggest that older patients with brain AVMs who have undergone resection followed by early postoperative angiography demonstrating the absence of arteriovenous shunting can be reasonably advised that long-term surveillance for recurrence is unnecessary. In keeping with the literature, younger patients are at greater risk for recurrence. 2, 3, 5, 7, [10] [11] [12] 15, 16, [18] [19] [20] [21] 24, 25, 27, [30] [31] [32] 35, [39] [40] [41] We found that younger patients were significantly more likely to develop a recurrence than older patients. This risk was not confined to the pediatric population but was also a risk for younger adults. Furthermore, recurrence is most likely to happen in younger patients in the presence of deep venous drainage. Patients with deep venous drainage were more likely to develop a recurrence than those without deep venous drainage. When considering only patients younger than 20 years of age, 17% with deep venous drainage developed a recurrence compared with 2% without deep venous drainage. The difference could not be explained by confounding differences in length of follow-up, AVM diameter, location in eloquent brain, or age. There was a difference in Spetzler-Martin grades, which is not surprising given that the presence or absence of deep venous drainage contributes to this score.
The reason that deep venous drainage is associated with a higher risk of recurrence in the young is not known. This may well be a surrogate for other brain AVM morphological characteristics, such as deep arterial supply. However, it is unlikely to be simply a surrogate for complexity of surgery as the association between deep venous drainage and recurrence was not found in older patients.
When considering the management options of brain AVMs, failure to cure them is an important consideration. It is important to understand who should be followed for the development of recurrence, by what modality, and how frequently. Our current recommendation has been to perform MRI with and without Gd. An MRI examination is considered definitive if the microclips and regular aneurysm clips are thought not to obscure a possible AVM nidus and the arteries and veins appear to be of normal caliber in the region of the previous AVM. However, DSA should be performed in the absence of such an MRI result or in the presence of suspected recurrence.
The attending risk of morbidity and mortality with repeat treatment to achieve a cure should be factored into the original discussion regarding recommended treatment. Therefore, the risk of the need for retreatment must be understood. For radiosurgically treated AVMs, it is routine to discuss with patients the possibility of failure to reach a cure and the latency period until cure is achieved, which is well known. 22, 23 Few long-term data are associated with embolization for the purpose of cure. Saatci and colleagues 34 found a 1.1% (95% CI 0.05%-4.3%) chance of recurrence. Although these results are comparable to those attained with surgery, they are from a selected cohort of AVMs, making direct comparisons with stereotactic radiosurgery or microsurgery difficult. When recommending surgical treatment, the potential for recurrence in patients younger than 20 years of age with deep venous drainage should be discussed.
Conclusions
Both young age and deep venous drainage are important variables that indicate an increased risk of recurrence after brain AVM surgery. This risk is mostly confined to the young at the time of surgery with deep venous drain- age. These patients should be considered for long-term surveillance. 
